Abstract: Using fast-ion-beam laser-fluorescence spectroscopy (FIBLAS), we have measured the hyperfine structure (hfs) of 14 levels and an additional four transitions in Dy II and the isotope shifts (IS) of 12 transitions in the wavelength range of 422-460 nm. These are the first precision measurements of this kind in Dy II. Along with hfs and IS, new undocumented transitions were discovered within 3 GHz of the targeted transitions. These atomic data are essential for astrophysical studies of chemical abundances, allowing correction for saturation and the effects of blended lines. Lanthanide abundances are important in diffusion modeling of stellar interiors, and in the mechanisms and history of nucleosynthesis in the universe. Hfs and IS also play an important role in the classification of energy levels, and provide a benchmark for theoretical atomic structure calculations.
Introduction
Accurate elemental abundances in stars and the interstellar medium are essential for understanding stellar formation, evolution, and structure. Deriving abundances from stellar spectra requires accurate atomic data: tabulated spectra of several ionization states (usually I-III), oscillator strengths, hyperfine structure (hfs), and isotope shifts (IS). Even though hfs and IS are too small to be resolved in most astrophysical spectra because of Doppler and rotational broadening, they contribute to the overall profile of a spectral line; extracting the elemental abundance from a line often requires a knowledge of the hfs to correct for saturation [1] , and ignoring the underlying structure arising from hfs and IS can lead to errors as large as two to three orders of magnitude [2] . In addition, there can be errors in the determination of rotational, microturbulent and macroturbulent velocities from Fourier analysis of line profiles, and unknown shifts in wavelengths of saturated lines [3] . The lanthanides are particularly important because they provide a contiguous sequence of observable elements in which patterns of abundance may be observed and related to nucleosynthesis and chemical fractionation [4] . In this paper, we present new measurements of hfs and IS in Dy II, one of the lanthanide elements that is used to understand these processes.
The main mechanisms of neutron capture by which elements beyond 56 Fe are formed are the r-process and s-process, named by whether the rate of neutron capture is rapid or slow compared to the rate of β-decay [5] . The s-process is believed to take place in thermally pulsing asymptotic giant branch (AGB) stars [6] , whereas the r-process requires the high neutron density characteristic of supernovas. Comparison of the elemental composition of a star with theoretical r-or s-process models gives information about the nature of these processes and about the environment in which the star formed. The observed ratio of the abundances of a pair of unstable and stable r-process elements, e.g., [Th]/[Eu], can yield the age of the star when compared with the theoretical production ratio [7] . There are several recent studies of abundances in very metal-poor stars, which are believed to have
Experimental Setup
The FIBLAS method [22] we use is very well suited to the measurement of the detailed structure within an atomic transition because of the high spectral resolution (full-width-half-maximum linewidths of~100 MHz), the high wavelength selectivity of a narrow-band laser, and the ability to mass-select the targeted ions in the fast beam. The transition linewidths are a combination of the natural width (here 20-70 MHz), and Doppler broadening from the ion source, significantly narrowed for fast ions by 'kinematic compression' [23] . The hfs and IS of an optical transition are often completely resolved, a goal difficult to achieve in other techniques, such as Fourier transform spectroscopy.
In our apparatus, Dy + ions are created using a Penning sputter ion source, engineered by us to yield a small energy spread of a few eV in the extracted beam [24, 25] . Another important feature is the large population of metastable ions in the beam with energies up to~22,000 cm −1 , greatly enhancing the number of transitions we can observe. The use of sputtering rather than thermal evaporation makes the source universal for any solid conducting element in the periodic table; this is a great advantage for the lanthanides and many other refractory metals of astrophysical importance. A discharge in the Ne support gas is easily struck at anode-cathode potentials of several hundred volts, with the discharge current regulated at 60 mA. Our experience with lanthanides is that there is an initial period of conditioning (up to 2 h), during which the potential drops to~200-300 V, and the extracted ion current, as measured in a downstream Faraday cup, rises sharply to~200 nA. We attribute this behavior to sputter-cleaning of the surfaces of the lanthanide cathode and anticathode to remove oxide layers, which form easily in air.
After initial acceleration to energies of 10-12 keV, the ion beam is focused by an einzel lens, steered, and mass-selected using a Wien filter. Removal of the large Ne + current from the beam reduces space-charge spreading and significantly lowers the collision-induced background fluorescence. The mass resolution of the Wien filter was selected by adjustment of its electric field to reject the Ne ions, while transmitting nearly equally the seven stable isotopes of Dy (see Table 1 ) to allow IS measurement. The mass-selected beam is then horizontally deflected by 5 • to make it collinear with the laser beam. After further focusing and steering, the ions are accelerated by 478 eV into a 'Doppler tuning' region; this energy boost ensures the laser-induced fluorescence (LIF) is mainly confined to this region, from which it is transmitted out of the vacuum chamber by an array of optical fibers to a photomultiplier equipped with a short-pass filter. The filter allows rejection of the scattered laser light while transmitting most of the LIF, since the lower (metastable) energy states of the laser-induced transitions we observed ranged from~4300 cm −1 to 22,000 cm −1 . The laser system is a single-mode ring dye laser operating with Stilbene 420 dye, whose usable output range is~420 nm to 460 nm. It is pumped with the all-lines UV output of an Ar-ion laser, and is frequency stabilized to a few MHz. The dye laser wavelength is monitored to~1 part in 10 7 by a traveling-mirror Michelson interferometer [29] using a polarization-stabilized HeNe laser as a reference. The laser beam is loosely focused to a waist located approximately in the Doppler-tuning region. Before starting the laser scan across the hfs/IS components of a transition, the laser frequency is manually tuned to the absorption line of 162 Dy, which is the even isotope (i.e., without hfs) closest to the mean mass of the stable isotopes. The overlap of the laser and ion beams is optimized by adjusting steering and focusing of the ion beam. This results in a scan where the peak intensities of the even isotopes approximately match their standard abundances, facilitating subsequent analysis of the spectrum. During the scan, a computer steps the laser frequency over the entire spectrum of the line (<20 GHz) in intervals of~1/10th of a linewidth with a dwell time of typically 250 ms. The computer simultaneously records the LIF signal along with the ion beam current, laser beam power, and a calibration signal that corrects for the nonlinearity (~2%) of the laser scan. This calibration signal is obtained using a set of markers generated by a plane-parallel Fabry-Perot interferometer with a free spectral range of 665.980 MHz, which is used to convert channel number into laser frequency difference.
Because the Dy II hfs is complicated by the existence of an unusually large electric quadrupole interaction, we introduced some redundancy to the data in order to allow checks on the robustness of the analysis. This was done by taking spectra with the laser beam both parallel (P) and antiparallel (A) to the ion beam, and by changing the ion-beam energy. Both of these measures change the large Doppler shift for each isotope, resulting in significant changes in the appearance of the measured spectrum. This can result in a P (or A) spectrum that is much less congested than its counterpart, greatly facilitating the analysis (see below). 
Data and Analysis
A typical spectrum with fully resolved hfs and IS is shown in Figure 1 , in which the 'stick figure' below the data shows the fitted peak locations. At the left of the figure, a number of peaks belonging to another, weaker transition can be seen. The spectra in which such blends occurred are noted in the IS table below by asterisks. The relative intensities of the extra transitions ranged from 1% to 15%, except in the case of the 443.100 nm line, for which two nearly equal-intensity transitions were seen, precluding analysis. The peaks corresponding to 156 Dy and 158 Dy were too small to be seen above the noise in our spectra and were not included in the analysis. IS table below by asterisks. The relative intensities of the extra transitions ranged from 1% to 15%, except in the case of the 443.100 nm line, for which two nearly equal-intensity transitions were seen, precluding analysis. The peaks corresponding to 156 Dy and 158 Dy were too small to be seen above the noise in our spectra and were not included in the analysis. It is important to note that in the large separation   l any pair of peaks corresponding to two different isotopes shown in these spectra is predominantly a differential Doppler shift arising from the IS table below by asterisks. The relative intensities of the extra transitions ranged from 1% to 15%, except in the case of the 443.100 nm line, for which two nearly equal-intensity transitions were seen, precluding analysis. The peaks corresponding to 156 Dy and 158 Dy were too small to be seen above the noise in our spectra and were not included in the analysis. It is important to note that in the large separation   l any pair of peaks corresponding to two different isotopes shown in these spectra is predominantly a differential Doppler shift arising from the It is important to note that in the large separation ∆ν any pair of peaks corresponding to two different isotopes shown in these spectra is predominantly a differential Doppler shift arising from the slightly different velocity of each isotope. In the A (P) mode, driving a transition whose rest-frame frequency is ν 0 requires a laser frequency ν given by
where β = 2eV/Mc 2 1/2 for a singly-charged ion of mass M accelerated from rest through a potential difference V. Thus, the ion-rest-frame peak separation ∆ν 0 (which is the IS within a sign) for a pair of masses M and M is related to ∆ν by
(This formula may also be applied to the separation of a pair of hf peaks of the same mass by setting β = β.) Creating the model spectrum to be fit to the data thus requires knowledge of the kinetic energy of the fast ions, which depends on the potential in the ion source, the extraction voltage, and the potential in the Doppler-tuning region. It is possible to determine the beam energy directly by measuring the Doppler-shifted wavenumber of a given spectral line in both A and P modes; a simple calculation with Equation (1) yields the velocity of the isotope corresponding to that spectral line as well as the transition wavenumber in the ion rest frame. Such measurements have shown that the beam energy is, within~1 eV, just the sum of the anode-cathode potential difference V ac (the power-supply potential difference V supply minus the 58.5 V drop across a 1 kΩ stabilizing ballast resistor) and the 10 kV or 12 kV extraction voltage, minus the potential in the central region of the Doppler-tuning region (−478 V), determined from its applied voltage using a numerical solution of Laplace's equation. This implies that the plasma region in which the ions are created is at the potential of the anode. In order to account for the Doppler shifts in a spectrum, we thus needed to monitor only V supply during the few minutes of a scan. Typically, V supply varied by <1 V in the current-regulated plasma, and only such scans were used as data. The model used in the least-squares fit makes use of the standard formula [30] for the hyperfine contribution to the energy of a level with a nuclear spin I, an electronic angular momentum J, and a total angular momentum F, containing magnetic-dipole and electric-quadrupole terms, with parameters A and B, respectively:
where
The amplitudes of the model peaks are constrained by the standard abundances of the isotopes, and, also, for the odd isotopes displaying hfs, by standard angular momentum recoupling coefficients:
of data analysis, we observed that an asymmetric Lorentzian profile improved the consistency of the data. We note that the peak frequency differences determining the IS and hfs constants are insensitive to the detailed lineshape model used. In addition to the four observable IS (measured with 164 Dy as the reference) and four hfs constants for a given transition, other adjustable parameters in the fit included the overall frequency offset, overall amplitude, background, linewidth, asymmetry, and laser power (to account for saturation). The large electric quadrupole contribution to the hfs created splittings very different from the standard 'flag' pattern obtained when the magnetic dipole interaction dominates. Without the help of pattern recognition, it was necessary to use trial and error along with global fitting algorithms, searching across up to six parameters to find a fit. Another issue was that the pattern of a spectrum was dependent mainly on the differences B -B and A -A, with only subtle changes in the fit spectrum resulting from varying the individual values of the constants. Thus, as an intermediate measure, the search space could be reduced by fixing the constants associated with either the lower or upper energy level. A very important factor in breaking these parameter correlations is the ability to measure the relatively weak satellite peaks (∆F = ∆J) in the hyperfine spectra, since the frequencies of these peaks depend algebraically on the four hfs constants rather differently than for the principal peaks (∆F = ∆J). We also dealt with these correlations experimentally by repeating measurements of most transitions at different beam energies (10 keV and 12 keV) and different relative beam orientations (A and P modes). In four cases, the satellite peaks were not visible, with the result that the associated hfs constants were not individually well-determined, but are rather to be regarded as a set of 'effective' parameters that reproduce the principal peaks of the observed spectrum very well so as to be of practical use in modeling astrophysical spectra.
The resulting hfs constants for six lower and eight upper levels are given in Table 2, while Table 3 lists the effective hfs parameters for the four transitions referred to above. For the levels listed in Table 2 , we were able to use several transitions to determine the hfs constants in each case, providing important 'cross-checks'; however, the levels in Table 3 were only accessible using the transitions listed. Table 4 presents the IS for 12 transitions, using the standard sign convention that IS ≡ ν M − ν M where M > M. The uncertainties in the data arise from the curve-fitting procedure, the residual non-linearity of the laser scan, and small drifts in V ac . Equation (2) can be used to calculate the sensitivity of the measured separation ∆ν of two spectral peaks to the accuracy of the ion-beam energy eV, and to drifts in that energy during a scan. If the drift is zero, d(∆ν )/dV is completely negligible for two hyperfine (hf) peaks of the same mass, and is~0.15 MHz/V for peaks of the isotope pair (160, 164).
Since we know V to~1 V, this effect is negligible compared to fitting errors. If the drift is non-zero, the sensitivity for any pair of peaks is~12 MHz/V for typical values of ν 0 and the beam energy. For the hf spectrum of a given isotope, the effect of a drift is taken into account by the fitting error since the many hf peaks are fit with only four hf parameters. For the same reason any residual non-linearity in the frequency scale is also subsumed in the fitting error. However, drift in V can contribute an error to the IS data, just as non-linearity can. Accordingly, we have added a contribution to the error budget of the IS of 10 MHz to account for both of these effects. We present evidence (see below) that this estimate is conservative. [31] . * These transitions contained unidentified blends whose relative intensities were <15%. A spectrum at 443.100 nm contained a blend of two transitions of comparable relative intensity and could not be analyzed.
Discussion and Conclusions
We have measured hfs parameters in 14 levels of Dy II, and effective hfs parameters in a further four transitions. There is no previous hfs data for these levels for comparison, but the very large magnitude of the electric quadrupole constants is consistent with measurements in Dy I [32] . Comparison with hfs measurements in isoelectronic 159 Tb I is not useful as the electron configurations of the levels studied [33] are different from those in the present work, and also because the magnetic dipole and electric quadrupole moments are quite different from those of 161 Dy and 163 Dy.
Of the 12 transition ISs we measured, we can compare three with the data of Ahmad et al. [20] made with a Fabry-Perot spectrometer viewing a hollow-cathode discharge. As shown in Table 5 , the agreement is excellent, and our results are more precise by an order of magnitude. None of the transitions measured by Aufmuth [19] overlap with our data. Another check on our IS values is through the conventional King plot analysis [29] (Chapter 6). As a reference transition in the King plots, we used the 597.4 nm transition in Dy I, for which ISs have been measured [34, 35] at a high accuracy (~2 MHz). Both fits were excellent straight lines (see Figure 3) . That linearity reflects almost entirely the quality of our data since the errors we have ascribed to our IS measurements are about five times greater than those for the reference transition. This suggests that the uncertainty of 10 MHz that we have attached to our IS measurements to account for source-voltage drift and residual nonlinearity is conservative. Of the 12 transition ISs we measured, we can compare three with the data of Ahmad et al. [20] made with a Fabry-Perot spectrometer viewing a hollow-cathode discharge. As shown in Table 5 , the agreement is excellent, and our results are more precise by an order of magnitude. None of the transitions measured by Aufmuth [19] overlap with our data. Another check on our IS values is through the conventional King plot analysis [29] (Chapter 6). As a reference transition in the King plots, we used the 597.4 nm transition in Dy I, for which ISs have been measured [34, 35] at a high accuracy (~2 MHz). Both fits were excellent straight lines (see Figure 3) . That linearity reflects almost entirely the quality of our data since the errors we have ascribed to our IS measurements are about five times greater than those for the reference transition. This suggests that the uncertainty of 10 MHz that we have attached to our IS measurements to account for sourcevoltage drift and residual nonlinearity is conservative. 
